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[http://dx.doi.org/10.1063/1.4862968] Hyperthermia is defined as the procedure of raising the temperature of a part of or the whole body above the normal temperature for a defined period of time. 1 It is being applied, alone or in combination with other therapeutic procedures, as an alternative treatment for several diseases, including cancer. When tumor cells undergone a hyperthermia treatment, the net effects caused on them are strongly dependent on both the magnitude of heating and treatment duration. [2] [3] [4] If cell temperature is raised up to temperatures close to 45 C protein denaturalization and heat-induced cell degradation are simultaneously activated, leading to irreversible damage. 5, 6 Temperature induced modification of nuclear proteins have not only the effect of driving cell to death but it is also thought to be the central event by which heat makes tumor cells more "sensitive" to external stimulus leading, for example, to a beneficial synergy between heat and radiation. 7, 8 Moreover, the combination of drugs and local heating has also attracted a great attention during last years. 9, 10 The particular method applied to achieve controlled hyperthermia depends on the nature, size, and location of the area to be treated. When treating tumors deeply located into the body, radiofrequency, and microwave radiations should be used in combination with micro antennas. 11, 12 On the other hand, for superficial tumors local hyperthermia is achieved by using low frequency waves (microwave or ultrasound waves) generated from a source outside the body. Independently on the particular method used, the heating procedure should be accompanied by real-time thermal reading so that the heating parameters can be properly adjusted thus, controlling the final temperature of the area to be treated.
The fast development of nanotechnology has led to the recent appearance of interesting alternatives for hyperthermia therapies. These are based on the use of bio-compatible nanoparticles (NPs) capable of heating when externally excited. 13 These NPs can be classified into two groups depending on the excitation mechanism: (i) Magnetic NPs (M-NPs), which generate heat when placed in an oscillating external magnetic field and (ii) Photo-thermal NPs (PhT-NPs), in which heat generation is activated under optical excitation. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] PhT-NPs have the advantage that, they can be applied for deep-tissue hyperthermia treatments by using excitation wavelengths lying within the so-called biological windows (spectral ranges where human tissues become partially transparent). When working in these spectral windows, photo-thermal treatments can be highly selective, i.e., light induced hyperthermia is only produced where PhT-NPs have been incorporated. Up to now, several PhT-NPs have been proposed including metallic nanoparticles, semiconductor nanocrystals, graphene nanocrystals, and carbon nanotubes. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Few previous works have also reported that certain rare earth doped nano-crystals (RE-NPs) could be also used as PhT-NPs, although this possibility has not been demonstrated yet in biocompatible colloidal solutions. 29 Certain RE-NPs have demonstrated to be highly efficient luminescence probes under excitation with Near Infrared (NIR) radiation within the biological windows. [30] [31] [32] An additional advantage of RE-NPs is that they can be used for high resolution fluorescence bioimaging by using CW laser sources; much simpler and affordable that the short pulse lasers required for traditional fluorescence probes used in multiphoton fluorescence microscopy. 33 In addition, the RE-NPs display, in some cases, the additional ability of chemical and thermal luminescence sensing. 32, 34 This last feature is of special relevance, since it could be used for thermal monitoring and, hence, for real time controlled photo-thermal therapies. Therefore, the demonstration of efficient light-to-heat conversion in bio-compatible solutions of multi-functional RE-NPs would open avenues for simultaneous fluorescence imaging and treatment of biosystems.
Among many other RE-NPs proposed in the past for fluorescence bio-imaging, Nd 3þ ion activated LaF 3 NPs (hereafter, Nd 3þ :LaF 3 -NPs) are of special relevance because their unique combination of properties such as high fluorescence quantum yields (well above 50% for medium-low Nd 3þ ion contents), 32 the possibility of NIR under NIR excitation (NIR-NIR processes), excellent chemical and physical stabilities, and negligible bio-toxicity. 35 In addition to all these properties, Nd 3þ :LaF 3 NPs also show fluorescence bands with a remarkable thermal sensitivity. 32 Based on all these 3 -NPs in a privilege position among other NPs as they could be used in a multifunctional manner for simultaneous bio-imaging, photo--thermal treatment, and temperature control of the irradiated area, all these facilities with the very same biocompatible nanoprobes.
In this Letter, we demonstrate that this multifunctional operation is possible, as we demonstrate efficient light-to-heat conversion in bio-compatible aqueous solutions of Nd 3þ :LaF 3 NPs. The potential application of Nd 3þ :LaF 3 -NPs for real in vivo photo-thermal hyperthermia treatments has been here explored by performing ex vivo experiments. Finally, real time temperature monitoring during photo-thermal processes has been demonstrated by taking advantage of the thermal sensitivity of the fluorescence bands of Nd 3þ ions. We, thus, provide experimental evidence of the potential use of Nd 3þ :LaF 3 -NPs as a dual system with heating and thermometric properties.
The Nd 3þ :LaF 3 -NPs used in this work were synthetized at the Universidade Federal de Alagoas by the wet-chemistry method using Lanthanum (III) chloride, Neodymium (III) chloride, and ammonium fluoride reagents as it has been described elsewhere. 36, 37 The Nd 3þ concentration was adjusted by varying the relative content of Neodymium chloride. Up to 5 different Nd 3þ :LaF 3 -NPs were synthetized with nominal Nd 3þ concentrations of 2, 5, 15, 20, and 25 at. %. Larger Nd 3þ concentrations were found to drastically decrease the quality of the obtained nano-particles so that they would not be useful for fluorescence imaging and, consequently, were not investigated in this work. Inset in Figure 1 (a) shows a characteristic Transmission Electron Microscopy (TEM) image of the Nd 3þ :LaF 3 -NPs (25 wt. % Nd 3þ content). From this image, the size histogram has been calculated and it has been also included in Figure 1 (a). The mean NP size has been determined to be 12 nm with a size dispersion of 65 nm. Both average and size dispersion were found to be independent on the particular Nd 3þ content. For thermal loading experiments five aqueous dispersions of the Nd 3þ :LaF 3 -NPs were prepared, all of them with the same nanoparticle concentrations (10% in mass). All the aqueous solutions showed an excellent colloidal behavior without any sign of precipitation for several weeks. Particle agglomeration observed in the TEM image of Figure 1 is very likely occurring during the sample preparation required for the acquisition of TEM images. As an example, Figure 1( It should be noted that all the relaxations from the 4 I J (J ¼ 15/2, 13/2, and 11/2) states to the ground state (J ¼ 9/2) are performed by non-radiative transitions. Since heat is generated with each non-radiative de-excitation, Nd 3þ ions are expected to partially convert the 808 nm excitation energy into heat. The previous approach applies for Nd 3þ ions diluted in the host crystal. Indeed, the relaxation dynamic becomes more complicated when the Nd 3þ content increases. In this case, the distances between neighbor Nd 3þ ions are reduced and Nd 3þ -Nd 3þ interactions are activated. 38 This leads to the appearance of both cross relaxation and energy migration processes, which are schematically represented in Figure 1(d state, they de-excite down to the ground state by a multi-phonon relaxation (i.e., delivering heat). In the second case, energy migration between neighboring Nd 3þ ions occurs until a non-radiative center (killer), in which the migrated energy is released, usually by heat generation. 38 According to Figure 1 , it is clear that light-to-heat conversion is, indeed, expected in Nd 3þ :LaF 3 -NPs and that the conversion efficiency should increase with the Nd 3þ content. Heat generation in 808 nm excited aqueous solutions of Nd 3þ :LaF 3 -NPs was verified by infrared thermometry. For this purpose, the Nd 3þ :LaF 3 -NPs/water solutions were placed into open cuvettes. These were excited by a collimated 808 nm laser beam provided by a 100 lm-core fiber coupled laser diode. The thermal images of the solutions were obtained by imaging the open side of the cuvette with a Fluke Ti10 thermal camera. The thermal images obtained for different Nd 3þ concentrations (0%, 5%, 15%, and 25%) are shown in Figure 2 (a). As can be observed, when the cuvette was filled with pure water, the laser induced thermal loading was negligible. On the other hand, the presence of Nd 3þ :LaF 3 -NPs in the solution led to a measurable thermal loading whose magnitude increases with the Nd 3þ ion concentration. This effect is further evidenced in Figure 2(b) , in which we the maximum temperature at the cuvette as a function of the 808 nm laser power is shown for the five available Nd 3þ concentrations. In all the cases, the temperature increases linearly with the 808 nm laser power. The largest light-to-heat conversion efficiency was found to occur for the largest Nd 3þ concentration examined in this work (25 at. %). Indeed, this result was expected as larger Nd 3þ contents result in larger absorption of the incident radiation and, in addition, in lower fluorescence quantum efficiencies (larger light-to-heat conversion efficiencies). 32 Once the Nd 3þ ion concentration optimizing the lightto-heat conversion efficiency has been identified, we evaluated the potential application of Nd 3þ :LaF 3 NPs for photo-thermal treatments in biological systems by performing ex vivo experiments. For this purpose, we injected 0.1 ml of the aqueous solution of Nd 3þ :LaF 3 -NPs (25 wt. % Nd 3þ concentration and 10% NPs mass) into a chicken breast. The injection depth was estimated to be around 2 mm. Figure  3 (a) shows a digital image of the chicken breast used for ex vivo experiments; the place where injection was done is indicated by an arrow. The chicken breast was illuminated with the same fiber-coupled 808 nm laser beam with a spot area at the chicken breast of about 0.7 cm 2 and with an angle of incidence of 45 . Figure 3(b) shows the thermal image of the chicken breast when the 808 nm laser was not overlapping with the Nd 3þ :LaF 3 -NPs injection (off-target). As can be observed, the weak tissue absorption at 808 nm (below 0.1 cm
À1
) leads to a slight temperature rise in the illuminated surface area close to 2 C for a 808 nm excitation intensity of 1.5 W/cm 2 . The increment in tissue surface's temperature as a function of the 808 nm laser intensity is shown in Figure 3(d) , from which we have estimated an intrinsic tissue heating rate close to 2 C/W Á cm À2 (here, defined as the increment in tissue temperature divided by the 808 nm laser intensity). When the 808 nm laser spot was overlapping with the Nd 3þ :LaF 3 -NPs injection (on-target configuration), the surface temperature increases due to both intrinsic tissue absorption at laser wavelength and thermal diffusion from the injection that is, indeed, expected to heat significantly. In the on-target configuration, surface temperature increased up to 10 C for a laser intensity of 1.5 W/cm 2 (see Figure 3(c) ). The NPs-induced heating was found to increase linearly with the 808 nm laser intensity at a heating rate close to 7 C/W Á cm 2 (see Figure 3(d) ). This is more than three times that found in the off-target configuration. This notable difference between the heating rates suggests that Nd 3þ :LaF 3 -NPs could be used as nanoheaters for selective in vivo photo thermal treatments, since relevant heating will be only produced in those areas where Nd 3þ :LaF 3 -NPs are present. Furthermore, the excellent fluorescence emission characteristic of these NPs will also allow for fluorescence localization of the nano-heaters during in vivo application and, also, to follow the tumor evolution during the photothermal treatment by means of fluorescence imaging. At this point it should be noted that the laser intensities used in this work (0-3 W/cm 2 ) did not cause any damage in tissue (chicken breast without NPs injection) after irradiation for min. This is in agreement with the fact that the laser intensities used in this work were comparable to those used in in vivo photo-thermal treatments based on both Gold Nanorods and Carbon Nanotubes. 41, 42 Furthermore, similar laser intensities were used in previous studies regarding 808 nm laser therapies of skeletal muscles in rats in absence of any tissue damage. 43 Real controlled photo-thermal therapies of deep tumors (not located at surface) would require real time thermal 
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information not in the surface but in the injection volume. In principle, this could be done by taking advantage of the thermal sensitivity of the fluorescence bands of Nd 3þ :LaF 3 NPs; i.e., using these NPs as nanothermometers to read out the temperature of the injection. . From a first inspection it is clear that temperature determines the intensity ratio between some emission peaks. Inset in Figure 4 (a) shows the ratio between the emission intensities at 887 and 866 nm as a function of temperature, displaying a linear behavior in the range of interest for biological application C). The origin of this temperature induced spectral change has been explained in previous works in terms of the thermal induced re-distributions in the populations of the Stark sub-levels of the 4 F 3/2 metastable state. Briefly, the 887 and 866 nm emission lines are generated by the high and low energy Stark levels of the 4 F 3/2 state, respectively. 32 Thus, from a simple spectral analysis of the luminescence generated by the Nd 3þ :LaF 3 injection would provide the actual injection temperature. Since both fluorescence and heat processes are activated by the same 808 nm laser radiation, Nd 3þ :LaF 3 NPs could be, in principle, used simultaneously as single/beam excited nano-thermometers and nano-heaters. In order to demonstrate this possibility, we designed the experimental set up depicted in Figure 4 (b). This setup allows for simultaneous recording of both surface and injection temperatures by infrared thermometry and spectral analysis of injection fluorescence, respectively. The injection was optically excited in the same configuration as data included in Figure  3 . A thermal camera measured the thermal image at an angle of 45
. The fluorescence from the injection was collected by an optical system coupled to a high resolution spectrometer for spectral analysis. Experiments were performed on a 100 ll injection of an aqueous solution (10% NPs in mass) of Nd 3þ (25%):LaF 3 NPs (injection depth was estimated to be 2 mm). Figure 5(a) shows the emission spectra generated by the Nd 3þ :LaF 3 NPs injection as obtained from two different 808 nm laser intensities after 5 min of laser irradiation (time required for complete temperature stabilization). Relevant heating at injection location is evidenced by a clear modification in the emission spectrum. Based on the calibration data included in the inset of Figure 4 (a), it was possible to monitor the injection temperature as a function of the 808 nm laser intensity. Results are shown in Figure 5(b) . By simultaneously acquiring thermal images of the chicken breast (as that included as an inset in Figure 5(a) ), we determined the temperature at tissue surface as a function of laser intensity. Results, again revealing a linear behavior, are also included in Figure 5 (b). This figure reveals significant differences between the surface and injection heating rates: 8 and 5 C/W Á cm 2 , respectively. This means that for a given laser intensity, the injection temperature is almost 60% higher than the temperature at tissue surface. The experimental data included in Figure 5 constitute the demonstration of a self-calibrated photo-thermal process based on a unique :LaF 3 NPs injection (determined from the analysis of the sub-tissue emission spectra) as obtained for different 808 nm laser intensities. The temperature increment induced at the surface of chicken breast (determined by infrared thermometry) as a function of the 808 nm laser intensity is also included. Dots are experimental data and dashed lines are the best fits to a linear relation.
nano-particle type and, therefore, opens avenues towards the achievement of single laser beam controlled hyperthermia treatments.
In summary, we have demonstrated that Neodymium doped LaF 3 nanoparticles, in addition to be excellent fluorescent bio-labels, can be also used as photo-thermal agents under near-infrared (808 nm) laser illumination. The role played by Neodymium content in the light-to-heat conversion efficiency has been investigated by infrared thermometry. It has been found that higher Nd 3þ ion contents lead to a larger thermal loading so that a 25% Nd 3þ concentration per NPs produces substantial heating while still providing enough fluorescent signal for imaging and nanothermometry. Ex vivo experiments based on local injection of aqueous solutions of Nd-LaF 3 nanoparticles into chicken breast tissues have revealed the potential use of these nano-particles for future selective, high efficient in vivo photo-thermal treatments. Furthermore, it has been demonstrated that the thermal sensitivity of the fluorescence bands of Nd 3þ ions can be used to achieve dynamical sub tissue thermal reading during single beam photo-thermal treatments. All these features confer to Nd 3þ :LaF 3 nanoparticles a unique multifunctional character, as they can work as efficient fluorescent nanoprobes, nanoheaters, and nanothermometers under excitation with a sole low power laser source at 808 nm. Thus, the results here reported open an avenue towards the development and design of platforms for the real development of simple and controlled photo-thermal therapies. 
